The electron-phonon coupling (EPC) strength for each phonon mode in superconducting Pb films is measured by inelastic helium atom scattering (IHAS). This surprising ability of IHAS relies on two facts: (a) In ultrathin metal films, the EPC range exceeds the film thickness, thus enabling IHAS to detect most film phonons, even 1 nm below the surface; (b) IHAS scattering amplitudes from single phonons are shown, by first-principle arguments, to be proportional to the respective EPC strengths. Thus IHAS is the first experiment providing mode-selected EPC strengths (mode-lambda spectroscopy). DOI: 10.1103/PhysRevLett.107.095502 PACS numbers: 63.20.kd, 63.22.Dc, 68.49.Bc, 74.78.Fk Many of the unusual physical properties of lead stem from its large electron-phonon coupling (EPC) constant ¼ 1:12-1:68. Besides explaining the second-highest critical temperature of all elemental superconductors (T c;bulk ¼ 7:23 K), the strong EPC of lead manifests itself in the especially large and numerous Kohn anomalies affecting the bulk phonon dispersion curves. The large EPC also accounts for the occurrence of superconductivity in supported lead films as thin as only a few monolayers [1] [2] [3] [4] [5] . The recent discovery of superconductivity in a single lead monolayer on silicon [6] raises intriguing questions about the EPC in quasi-two-dimensional systems. Thin lead films also exhibit important quantum-size oscillations in the layer-by-layer growth [7] , first observed by He-atom scattering and attributed to interference with the quantum-well states. The latter modulate the electron density of states at the Fermi level and the EPC, thereby also causing oscillations with thickness in the superconducting critical temperature and the upper critical field [5] , interlayer distances [8] , island height distributions [9] , and zone-center phonon frequencies [10, 11] , as well as in electronic transport [12] , photoemission properties [13] , and work functions [14] . Thus lead films have become an important model system for exploring superconductivity and electronic properties of metals in general on the nanoscale.
Many of the unusual physical properties of lead stem from its large electron-phonon coupling (EPC) constant ¼ 1:12-1:68. Besides explaining the second-highest critical temperature of all elemental superconductors (T c;bulk ¼ 7:23 K), the strong EPC of lead manifests itself in the especially large and numerous Kohn anomalies affecting the bulk phonon dispersion curves. The large EPC also accounts for the occurrence of superconductivity in supported lead films as thin as only a few monolayers [1] [2] [3] [4] [5] . The recent discovery of superconductivity in a single lead monolayer on silicon [6] raises intriguing questions about the EPC in quasi-two-dimensional systems. Thin lead films also exhibit important quantum-size oscillations in the layer-by-layer growth [7] , first observed by He-atom scattering and attributed to interference with the quantum-well states. The latter modulate the electron density of states at the Fermi level and the EPC, thereby also causing oscillations with thickness in the superconducting critical temperature and the upper critical field [5] , interlayer distances [8] , island height distributions [9] , and zone-center phonon frequencies [10, 11] , as well as in electronic transport [12] , photoemission properties [13] , and work functions [14] . Thus lead films have become an important model system for exploring superconductivity and electronic properties of metals in general on the nanoscale.
The present study was initially undertaken to understand why recent inelastic helium atom scattering (IHAS) phonon measurements of thin few monolayer (ML) crystalline films of lead on Cu(111) [11] exhibited a much larger number of phonon dispersion curves than found for ordinary metal and thin-film surfaces [15] . The multitude of dispersion curves, illustrated in Figs. 1(a) and 1(b) for the case of 5 and 7 ML lead films, respectively, grown on a Cu(111) substrate, were obtained with the Göttingen apparatus HUGO I [11] at a surface temperature of 140 K and an incident He-atom beam energy of E i ¼ 23 meV. The dispersion curves in the h11 " 2i ( " À-" M) surface direction for 5 and 7 ML were extracted from time-of-flight spectra such as those shown in Figs. 1(c) and 1(d), respectively. Here it is shown by first-principle arguments that IHAS scattering amplitudes from single phonons are proportional to the respective EPC strengths and that the extraordinary ability of IHAS of detecting a large number of phonon branches, including those deeply localized several layers beneath the surface, is due to the fact that in ultrathin superconducting films the EPC, besides being large, has a range exceeding the film thickness. This enables IHAS to detect all the film phonons which substantially contribute to superconductivity and to measure their EPC strength (mode-lambda spectroscopy). Besides for understanding superconductivity in ultrathin films, mode-selected EPC strengths are of basic relevance for inelastic photoemission [16] , phonon-induced surface reactions [17] , scanning tunnel spectroscopy [18] , and other thin-film properties [14, 19] .
Density functional perturbation theory calculations of the dispersion curves were carried out which include also the atomic displacements of all the atoms in the film for each eigenmode. In the same calculation it was also possible to obtain the associated electron-density oscillations (EDOs) throughout the entire film. To keep the computational effort within a reasonable size, the substrate was assumed to be rigid and simulated by a single additional monolayer of Pb(111) with a virtually infinite nuclear mass. The distance between the bottom layer of the Pb
week ending 26 AUGUST 2011 0031-9007=11=107 (9)=095502 (4) 095502-1 Ó 2011 American Physical Society film and the substrate layer was reduced by 5% in order to reproduce the force constant stiffening at the Cu-Pb interface. These calculations were performed by using the mixed-basis pseudopotential method [20] with the local density approximation for the exchange-correlation functional. Structural optimization was carried out to account for the variation of the interlayer distances in the film. The lateral lattice parameter inside the Pb(111) layers was fixed at the theoretical bulk value a ¼ 9:20 a:u:, which is 1.6% smaller than the experimental value of 9.35 a.u. The calculated relaxation shows a contraction of the outermost interlayer spacing relative to the bulk distance of À4:30% for 5 ML and À4:25% for 7 ML. Interpolation of a (12 Â 12) Q point mesh for the hexagonal surface Brillouin zone provided the phonon dispersion curves and polarization vectors [21] . The dispersion curves calculated for 5 and 7 ML are compared with the experimental data in Figs. 1(a) and 1(b) . Thick red lines correspond to modes with prevalent shearvertical (SV) polarization, broken lines to modes with a shear-horizontal polarization, which are symmetry forbidden to IHAS along the h112i azimuth. The comparison indicates that nearly all the SV modes of the film are excited and not only the surface modes as in all previous experiments. As seen in Fig. 2 , the topmost mode " 2 has a much larger atom displacement in the first two surface layers than the " 1 mode. According to the standard surface atom impulsive excitation mechanism, " 2 should have a much larger probability for excitation. The comparable intensities of the " 1;2 doublet reveal the unexpected ability of IHAS to detect phonons localized several layers beneath the surface.
The puzzle is solved by the calculation of the EDOs for the two modes ( Fig. 2 ): It appears that their amplitudes at the classical He-atom turning point, ti ¼ 3:5 # A above the topmost atomic layer, are about equal despite the large difference in the displacement patterns. This strongly suggests that the interaction of the He atoms with the phonons of the film must be mediated by the electron-phonon interaction responsible for the phonon-induced EDOs.
Theory shows that the IHAS intensities are directly proportional to the respective mode-selected EPC strengths. A detailed derivation is found in the Supplemental Materials [22] . The He-surface scattering potential is assumed proportional to the surface charge density nðrÞ at the classical turning point: VðrÞ ¼ AnðrÞ [23] . Correspondingly, phonon-induced modulation is given by Vðr; tÞ ¼ Anðr; tÞ. The inelastic scattering probability Pðk i ; k f Þ for a He atom in an initial state hij of wave vector k i ðK i ; k i Þ and energy E i to be excited to a final state jfi of wave vector k f ðK f ; k f Þ and energy E f ¼ E i À ÁE via the creation of one phonon of parallel wave vector Q ¼ K f À K i , and energy " Q , is accurately described, for a weakly corrugated metal surface, by the distorted wave Born approximation [15] : . . . ) following the convention of Ref. [11] . Heavy red lines represent the active modes with prevalent SV polarization; broken lines in the " À " M direction are shear-horizontal modes. The oblique lines are typical scan curves for incident angles of 37 (5 ML) and 37.5 (7 ML). They serve to assign the most prominent features of the energy loss spectra to the energy and parallel momentum of the phonons [11] . Panels (c) and (d) show the respective energy transfer spectra from time-of-flight measurements at the same angles (ÁE < 0 for phonon creation processes). The diffuse elastic scattering peak E is due to a small concentration of surface defects found on even the most perfectly structured surfaces. The calculated electron-phonon coupling constants Q for the SV modes intersected by the scan curves in (a),(b), indicated by colored bars in (e),(f), and the corresponding inelastic spectra [(g),(h), heavy line] including both the SV-and the weaker L-mode contributions (Lorentzian components), are in good agreement with the energy transfer spectra (c),(d). The colors for SV modes are the same as in Figs. 3(a) and 3(b) .
where n BE ðÁEÞ is the Bose-Einstein occupation number. V fi ðKn; QÞ is the matrix element between initial and final He-atom states of the potential modulation due to all the virtual electronic transitions induced by a phonon of wave vector Q and branch index from a given quantumwell state c Kn ðrÞ of parallel wave vector K and band index n to any other quantum-well state c KþQn 0 ðrÞ across the Fermi level. Following Grimvall [24] , V fi ðKn; QÞ can be expressed through the EPC matrix g nn 0 ðK; K þ Q; QÞ as
where n Kn;Q ðrÞ is the corresponding electron-density modulation component and " Q the phonon energy. As shown in [22] , the matrix element on the right-hand side of Eq. (2) is a function, designated as Ið" Q Þ, which depends approximately only on the phonon energy. Clearly, the products of the two electronic wave functions, weighed by the respective EPC matrix elements and multiplied by ÀA=" Qv , act as components of the inelastic scattering potential. After inserting Eq. (2) into Eq. (1), the result is simplified by introducing the EPC constants for each individual phonon (the mode lambda) [25] :
where NðE F Þ is the density of states at the Fermi energy E F . In Eq. (1), the sum of jV fi ðKn; QÞj 2 over all quantumwell states Kn at the Fermi level yields the inelastic scattering probability (see Fig. S1 of the Supplemental Materials [22] ) giving
with fð"Þ ¼ j"n BE ðÀ"Þk f =k i jI 2 ð"Þ. Since the kinematic factor fðÁEÞ is found to depend rather weakly on the energy transfer ÁE, to a good approximation the IHAS peak intensities for individual phonons are proportional to the respective EPC strengths Q .
To test this result the coupling constants Q were calculated ab initio as in Ref. [25] for 5 and 7 ML films as functions of Q in the " À-" M ¼ h11 " 2i direction for the phonons with a prevalent SV character. The predicted EPC constants Q for all 7 (5 ML) and 10 (7 ML) experimentally resolved modes are plotted in Figs. 3(a) 1(g) and 1(h)] with the calculated factor fðÁEÞ and the experimental width corrected by the Jacobian factor due to the intersection angle between scan and dispersion curves. As explained in the Supplemental Materials [22] , SV modes couple to interband (n Þ n 0 ) transitions, whereas L modes preferentially couple to intraband (n ¼ n 0 ) transitions. As a consequence, the role of L modes decreases for an increasing number of layers.
These results lead to the important conclusion that IHAS can be used for a direct measurement of mode-selected e-p coupling constants in conducting films, notably in A indicates the location of the rigid substrate. Although the " 2 mode is mostly localized near the surface and " 1 near the substrate layer, both modes have almost equal EDOs at a distance from the surface corresponding to the classical He-atom turning point ti ¼ 3:5 # A above the topmost atomic layer, thus explaining their comparable IHAS signals. In the conventional atom-atom collision model, the IHAS intensity for the " 2 mode would be about 5 times larger than for the " 1 mode.
superconductors and other low-dimensional systems with strong manifestations of the electron-phonon interaction. A mode-specific spectroscopy of electron-phonon coupling constants can now be envisaged with much higher resolution, recently available in 3 He inelastic surface scattering with the spin-echo technique (energy resolution 20 neV versus 0.1 meV with time of flight) [26] . An example of the type of valuable information which might become accessible is the identification of the phonons which are most efficient in the formation of Cooper pairs in BCS thin-film superconductors. These results also indicate a way to exploring phonon waves propagating at the interface of two elastic media, which in seismology are known as Stonely waves. Finally, we note that phonon-induced EDOs can be expected to play an important role in understanding phonon-induced reactive scattering, especially of open shell atoms and molecules at metal surfaces [17] .
One of us (G. B.) acknowledges the Ikerbasque Foundation for support (project ABSIDES). We also acknowledge partial support by the Department of Education of the Basque Country Government, the University of the Basque Country (project GV-UPV/EHU, Grant No. IT-366-07), Ministerio de Ciencia y Innovaciòn (Grant No. FIS2010-19609-C02-00).
